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ment wherein a circulator having a ferromagnetic mem- 
ber and adapted to be subjected to an external field in- 
cludes resonant stubs which are placed within the hous- 
ing adjacent the ferromagnetic member. The magnetic 
5 field causes the permeability of the ferromagnetic mem- 
ber at radio frequencies to be a function of propagation 
direction. The resonant stubs which are coupled to wave- 
guide sections which define microwave signal ports are 
dielectrically loaded so that the overall size of the cir- 
culator can be greatly reduced. The reduction in size 
The invention described herein was made in the per- ideally adapts the circulator to be made a part of a 
formance of work under a NASA contract and is subject cascaded maser amplifier in which the entire assembly 
to the provisions of Section 30.5 of the National Aeronau- is cryogenically cooled. Also, the circulator is particularly 
tics and Space Act of 1958, Public Law 85-568 (72 Stat. advantageous when used with parametric or tunnel diode 
435; 42 U.S.C. 2457). 15 amplifiers, since the resonant stubs may be used in con- 
This invention relates to electromagnetic wave trans- junction with a varactor or tunnel diode, thus incorporat- 
mission line circulators and, more particularly, to im- ing the amplifier within the circulator. 
provements therein. The novel features that are considered characteristic 
Generally, a circulator is a three-port device in which of this invention are set forth with particularity in the 
energy introduced at one port circulates only to a sec- 20 appended claims. The invention itself both as to its or- 
ond port, while energy introduced at the second port cir- ganization and method of operation, as well as addi- 
culates only to a third port. The third port is connected tional objects and advantages thereof, will best be under- 
to the first port, but is isolated from the second port. stood from the following description when read in con- 
Circulation, namely, the preferred direction of energy nection with the accompanying drawings, in which: 
transmission, is achieved by the directional properties 25 FIGURE 1 is a top sectional view of the resonant cir- 
of the interaction between a magnetized ferrite material culator of the present invention; 
which is centrally located within the circulator and the FIGURE 2 is a simplified scheniatic diagram of a 
transmitted microwave energy. parametric amplifier; 
The use of circulators to control the directional char- FIGURE 3 is a side view of the circulator with a por- 
acteristics of transmitted energy is well known. For exam- 30 tion of the external surface removed; and 
ple, circulators have been used to simultaneously connect FIGURE 4 is a cross section of multistage amplifica- 
a single antenna to a receiver and a transmitter, with the tion arrangement in accordance with the teachings of the 
circulator controlling the flow of energy from the trans- invention. 
mitter to the antenna, and from the latter to the receiver. Reference is now made to FIGURE 1 which is a top 
Circulators have also been used in conjunction with maser 35 view of a three-port circulator 11, having coaxial connec- 
amplifiers as well as parametric amplifiers which are tors 12, 13 and 14 for coupling the circulator to external 
employed to amplify microwave signals in the kilomega- signal circuits. Center conductors 16, 17 and 18 of con- 
cycle frequency range. However, most prior art circula- nectors 12, 13 and 14 respectively, are shown extending 
tors are relatively large and bulky in size, introducing into the central housing 20 of the circulator 11. Within 
undesirable noise and losses in the amplified microwave 40 the housing 20 is located a ferromagnetic member 22, 
energy. such as a ferrite slab or disc, which, due to a magnetic 
The large size of prior art circulators is particularly field (not shown) created thereabout, causes its permabil- 
disadvantageous when used together with several maser ity to an R F  frequency to be a function of propagation 
amplifiers, each one of which needs be placed in a cool- direction. Thus, by controlling the magnetic field, energy 
ing tank to reduce its temperature so that the maser 45 may be made to propagate in one direction within the 
phenomena may take place. Presently known circulators housing between ports, with a minimum of signal losses, 
are too large to be placed together with the maser am- whereas signals propagating in the opposite direction are 
plifiers in the cooling tank. Thus, the various amplifiers highly attenuated. 
are generally connected to external circulators by means The novel circulatory of the present invention incor- 
of relatively long transmission lines which contribute to 50 POrateS resonant posts (one-quarter wavelength conduc- 
losses of amplified energy as well as increase the noise tors) 24, 25 and 26 coupled to the coaxial connectors 12, 
therein. Similar losses and noise occur when several 13 and 14 respectively, so that microwave energy may be 
stages of parametric amplifiers are intercoupled by prior transferred via one of the connectors between an ex- 
art circulators. ternal source and one of the posts. For example, reso- 
Accordingly, it is an object of the present invention 65 nant post 24 may be coupled to an external circuit (not 
to provide a novel circulator which greatly minimizes shown) connected to connector 12 by capacitively cou- 
disadvantages of prior art circulators. pling the post to center conductor 16. Similarly, a loop 
Another object of the present invention is the provi- may be used to couple a coaxial line connected to con- 
sion of a novel circulator adapted to incorporation within nector 12 to resonant post 24. 
a maser amplifier structure. Each of the resonant posts 24, 25 or 26 is a conductor 
Yet it is another object of the present invention b having very low loss which may be surrounded, or load- 
provide a circulator with dielectric loading SO that the ed, $y a material having a relatively high dielectric con- 
circulator is Particularly adapted to be incorporated stant. Thus, the actual physical length of each resonant 
as an integral part of maser cascaded amplifiers and/or post may be made much shorter than a free space quarter negative resistance type amplifiers. 65 (?h) wavelength of the particular microwave energy A further object of the present invention is the provi- which is to be circulated by the circulator ll. Conse- sion of a novel circulator having a resonant structure 
of negative resistance type quently, the height of the circulator can be greatly re- 
noise problems between the circulator and such amplifiers 70 electric materid, the posts may be placed closer together 
are substantially eliminated. without impairing the performance of the circulator. 
Thus, the minimum diameter of the circulator which is 
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within which 
amplifiers may be incorporated so that loss of energy and duced. &So, by loading the l%onant posts with the di- 
These and other objects are achieved in an arrange- 
3,337,812 
3 
necessary for circulating energy of given frequency is 
greatly reduced. 
As previously explained, the reduction in size of a 
circulator for controlling the directional transmission 
characteristics of microwave energy of a particular wave- 
length or bandwidth is highly desirable, in several dif- 
ferent applications of microwave energy. The availability 
of a miniature circulator is particularly significant in the 
design and construction of maser amplifier systems. As 
is well known by those familiar with the art, maser ampli- 
fiers are maintained at cryogenic temperatures by plac- 
ing the maser material and associated circuitry in a 
cooling tank or dewar. Typical prior art maser amplifier 
systems include circulators used to control the direction 
of flow of energy between the various stages of ampli- 
fication. However, due to their excessive dimensions, the 
circulators are mounted outside the cooling tank with 
coaxial connection being used to couple the circulators 
to the components within the tank. Such maser amplifi- 
cation systems exhibit unavoidable signal losses and noise 
which are directly attributable to the interconnecting 
cables which are a must because of the large size of 
presently known circulators. 
However, by using the novel resonant posts herein- 
before described, the size of the circulator (for a given 
frequency) can be greatly reduced so that the circulator 
may be a part of the system within the cooling tank. 
Thus, the coaxial cables interconnecting different ampli- 
fication stages are eliminated which greatly increases the 
sensitivity, or signal-to-noise ratio, of the system. In addi- 
tion, the smallness of the circulator of the present inven- 
tion which, due to the resonant posts incorporated there- 
in will hereinafter be referred to as the resonant circula- 
tor, accounts for its lighter weight and ease of mounting 
which are highly desirable in applications other than in 
maser amplification systems. 
From the foregoing, it should be appreciated that the 
reduction in size of the resonant circulator of the present 
invention is possible due to the dielectric loading of the 
resonant posts 24, 25 and 26. Such dielectric loading may 
be advantageously utilized when the resonant circulator 
is used together with parametric amplifiers or tunnel 
diode amplifiers. In practice, one of the resonant posts 
may be used as an active circuit of the amplifier so that 
together with a negative-resistance element, such as a 
tunnel diode or varactor, a portion of the circulator forms 
one of the functional circuits of the parametric amplifier. 
Reference is now made to FIGURE 2 in which a para- 
metric amplifier is schematically diagrammed as com- 
prising an inductor 31 and capacitor 32, connected in 
parallel to form a resonant tank circuit (at the particular 
frequency), shunted by a negative resistance type element 
35, which is represented by an enclosed diode. The ele- 
ment 35 may comprise a tunnel diode, varactor or simi- 
lar amplifying medium, used in such amplifiers. Accord- 
ing to the teachings of the present invention, any of the 
resonant posts of the resonant circulator may be designed 
so that it also performs the functions of the resonant 
tank circuit of the amplifier, thus reducing the number 
of required components of any amplifier which may be 
connected to  the circulator. 
In addition, as seen from FIGURE 3 t o  which ref- 
erence is made herein, the element 35 may directly be 
mounted within the circulator and coupled tQ one of the 
resonant posts such as post 25, so that the entire ampli- 
fier is housed within the resonant circulator. Thus, all 
cables for intercoupling the amplifier to the circulator 
can be eliminated, thereby greatly increasing the me- 
chanical stability of the amplifier. It is thus seen that 
the resonant post, in addition to contributing to the 
reduction in size of the circulator, may also be incor- 
porated as part of a negative resistance amplifier, there- 
by reducing the number of required components and 
increasing the mechanical stability of the amplifier. 
When several amplifiers and circulators are to be used 
4 
in a series, they may be placed into a waveguide beyond 
cutoff enclosure. Such an arrangement is diagrammatical- 
ly shown in FIGURE 4 wherein circulators X1 through 
X4 are mounted within a waveguide beyond cutoff en- 
fi closure 50. Each of the circulators comprise a ferromag- 
netic member 22 and resonant posts 24, 25 and 26 with a 
negative resistance element 55 connected to post 25. 
Microwave energy from an external source is introduced 
into the waveguide 50 through a coaxial connector 56 
which is shown capacitively coupled to resonant post 24 
of circulator XI, whereas a coaxial connector 57, capaci- 
tively coupled to  post 26 of circulator X4, is used to 
remove the amplified microwave energy. 
Coupling between resonators is accomplished by h a -  
15 tion of circulators in such a manner that one resonant 
post of one circulator, such as post 26 of circulator XI, 
is close to one resonant post of another circulator, such as 
post 24 of circulator Xz. An exemplary propagation path 
of the energy is diagrammed in FIGURE 4 by arrows 6Q. 
20 In this manner, many stages of amplification, each using 
one resonant circulator, may be cascaded within the wave- 
guide enclosure. Consequently, conventional coaxial lines 
which are used to interconnect such amplification stages 
are eliminated, thereby greatly reducing energy losses 
25 as well as the cost of constructing a multistage amplifica- 
tion system. 
There has accordingly been shown and described, a 
novel and useful resonant circulator, using resonant posts 
which are dielectrically loaded so that the overall size of 
30 the circulator (for a given microwave frequency) is great- 
ly reduced as compared with prior art devices. The re- 
duced size adapts the circulator for use in maser amplifica- 
tion systems, and other applications where the size of the 
circulator is of particular significance. In addition, the 
35 resonant circulator is ideally suited for negative resistance 
type amplifiers where the amplifying medium can be 
incorporated with one of the circulator’s resonant posts. 
What is claimed is: 
8 .  In a circulator having a plurality of signal ports and 
40 a ferromagnetic member centrally positioned within a 
housing of said circulator and in relation to said plurality 
of signal ports for controlling the propagation of signals 
between ports to be in a selected direction as a function of 
the permeability of said ferromagnetic member which is 
controlled by an external magnetic field in which said 
45 member is locatable, the improvement comprising a plu- 
rality of dielectrically loaded resonant posts, each reso- 
nant post being positioned within the housing of said 
circulator between said ferromagnetic member and one of 
5o said signal ports and conductively coupled to said one of 
said signal ports so that signals are transferred between 
each resonant post and the signal port coupled thereto, 
whereby the permeability of said ferromagnetic member 
as controlled by said external field controls the direction 
55 of propagation of signals within said circulator between 
said resonant posts, the effective length of each reso- 
nant post being one quarter Qf the wavelength of the 
signals. 
2. In a circulator having a plurality of signal ports 
60 and a ferromagnetic member in a magnetic field, said 
member being positioned within a housing of said cir- 
culator and in relation to said plurality of signal ports 
for controlling the direction of propagation of radio fre- 
quency signals supplied through said signal ports to be 
65 in a selected direction as a function of the polarity of 
said magnetic field, the improvement comprising: coaxial 
connecting means for transferring said radio frequency 
signals through said signal ports to  and from said cir- 
7o culators; and a plurality of dielectrically loaded conduct- 
ing resonant posts, each positioned within said housing 
between said ferromagnetic member and one of said sig- 
nal ports and conductively coupled to said coaxial con- 
necting means for transferring said radio frequency signals 
74 therebetween, the &ective length of each post being sub- 
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stantially equal to one-quarter wavelength of said radio 
frequency signals. 
3. In a circulator as recited in claim 2 wherein the 
physical length of each said resonant post is less than 
one-quarter wavelength as a function of the dielectric 
loading thereof. 
4. A miniature circulator as recited in claim 3 further 
including amplifying means 'of a parametric type amplifier 
coupled within said circulator to at least one of said 
dielectrically loaded resonant posts for performing the 
function of said parametric type amplifier. 
5. A multistage amplification system for amplifying 
microwave energy in a selected bandwidth by a plurality 
of negative resistance amplifying means comprising a 
waveguide section beyond cutoff enclosure; means for 
introducing the microwave energy into said section and 
for removing amplified microwave energy therefrom; Q 
plurality of negative resistance amplifying means; and 
a plurality of circulators each including a plurality of 
quarter wavelength dielectrically loaded resonant posts, 
one post of each circulator coupled to one of said negative 
resistance amplifying means, so that microwave energy 
amplified therein is circulated to a succeeding circuIator 
to be amplified by the negative amplifying means con- 
nected thereto. 
6. A system for amplifying microwave energy in a 
selected frequency range in a plurality of cascaded stages 
comprising a waveguide section beyond cutoff enclosure; 
6 
a coaxial input line coupled to said section for providing 
microwave energy to said section; a coaxial output line 
coupled to said section for removing amplified micro- 
wave energy from said section; a plurality of negative 
5 resistance amplifying means couped to said section; and 
a plurality of circulators cascaded in said section between 
said coaxial input and output lines, each circulator includ- 
ing a ferromagnetic member and a plurality of quarter 
wavelength dielectrically loaded resonant posts, one post 
of each circulator coupled to another of said negative 
resistance amplifying means, a first post of a first of the 
cascaded circulators coupled to said coaxial input line, 
and a last post of a last of the cascaded circulators cou- 
pled to said coaxial output line, whereby microwave 
15 energy is amplified by the negative resistance amplifying 
means coupled to the post of each resonator and circulated 
to a succeeding circulator to be amplified by the negative 
resistance (amplifying means coupled thereto. 
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